Tinnitus is the conscious perception of sound heard in the absence of physical sound sources internal or external to the body. The characterization of tinnitus by its spectrum reflects the missing frequencies originally represented in the hearing loss, i.e., partially or completely deafferented, region. The tinnitus percept, despite a total hearing loss, may thus be dependent on the persisting existence of a somatic memory for the "lost" frequencies. Somatic memory in this context is the reference for phantom sensations attributed to missing sensory surfaces or parts thereof. This raises the question whether tinnitus can exist in congenital deafness, were somatic representations have not been formed. We review the development of tonotopic maps in altricial and precocial animals evidence for a lack of tinnitus in congenital deafness and the effects of cochlear implants on the formation of tonotopic maps in the congenitally deaf. The latter relates to the emergence of tinnitus in these subjects. The reviewed material is consistent with the hypothesis that tinnitus requires an established and actively used somatotopic map that leads to a corresponding somatic memory. The absence of such experience explains the absence of tinnitus in congenital bilateral and unilateral deafness.
Introduction
Subjective tinnitus is the conscious perception of sound heard in the absence of physical sound sources internal and external to the body. Objective tinnitus is generated by sound internal to the body. From now on we only discuss subjective tinnitus, and will call this tinnitus. About 10e15% of adults experience tinnitus. Tinnitus is very often ignited by noise-induced hearing loss (NIHL), but most chronic tinnitus is of central origin; that is, it is generated in the brain and not in the ear. A potential exception exists for tinnitus induced by salicylate, which increases the spontaneous firing rates (SFRs) in the auditory nerve fibers (ANFs) (Eggermont, 2012) . So one could claim that salicylate induced tinnitus, which is reversible by stopping ingesting aspirine, is peripheral tinnitus. One could also state with reasonable certainty that the SFR in ANFs is important in pre-chronic tinnitus, but after several months in animals Robertson et al. (2013) found that cutting the auditory nerve did not change the increased SFR in the inferior colliculus, demonstrating the centralization of tinnitus. A conclusive example for central tinnitus is found in patients with acquired single-sided deafness that often experience tinnitus referred to the deaf ear, yet the tinnitus very often subsides when that ear is stimulated by a cochlear implant . This can be understood from the absence of spontaneous and driven neural activity in the deaf auditory nerve, which leads to changes in the central nervous system potentially through the imbalance of excitation and inhibition. Stimulating the deaf ear via a cochlear implant (CI) restores this balance, and as long as the CI is switched on there is a tinnitus percept referred to the deaf ear .
The localization of tinnitus to one or both ears is thus likely attributable to a phantom sensation (Jastreboff et al., 1988) and is not unlike that related to itch or pain referred to a lost limb (Melzack et al., 1997) .
The pitch of tinnitus corresponds to the frequency region of the hearing loss. This has been quantified by measurement of the tinnitus spectrum (Noreña et al., 2002; Roberts et al., 2008; Langers et al., 2012) , which typically mimics the region of the hearing loss. In case of low-frequency hearing loss the tinnitus is low pitched ("roaring"), whereas in high-frequency NIHL the tinnitus has a high-pitched ringing or hissing sound. As in a true phantom sensation, the brain "hears" the sound of the missing frequencies in one ear, both ears, or inside the head. Describing how tinnitus sounds appears to be very personal and typically referred to with known external sounds. This is perfectly illustrated in the notes of MacNaughton Jones (1890, pp.668) :
"The following were the noises I have recorded as complained of by patients. The sound resembling buzzing; sea roaring; trees agitated; singing of kettle; bellows; bee humming; noise of shell; horse out of breath, puffing; thumping noise; continual beating; crackling sounds in the head; train; vibration of a metal; whistle of an engine; steam engine puffing; furnace blowing; constant hammering; rushing water; sea waves; drumming; rain falling; booming; railway whistling; distant thunder; chirping of birds; kettle boiling; waterfall; mill wheel; music; bells."
The characterization of tinnitus by its spectrum (Noreña et al., 2002; Roberts et al., 2008; Langers et al., 2012) reflects the missing frequencies originally represented in the hearing loss, i.e., partially or completely deafferented, region. The tinnitus percept, despite a total hearing loss, may thus be dependent on the persisting existence of a somatic memory for the "loss" frequencies.
Somatic memories are formed during development by the topographic mapping of the sensory surface on primary sensory cortex and by the spiking activity generated in its afferents. This is in accordance with the neuromatrix theory of phantom limbs (Melzack, 1990) . Thus, in acquired hearing loss, the tonotopic memories that have previously been laid down may be stable across the lifespan.
A cortical cochleotopic representation is only a general precondition for somatic auditory memory. We postulate here that somatic memories are based on (require the existence and active use of) somatotopical maps in sensory cortical areas and their active use, a readout by downstream, higher-order neural structures that include executive control. During development the somatotopic maps, established by genetic factors and refined by experience (Bonham et al., 2004; Eggermont and Moore, 2012; Pienkowski and Harrison, 2005) , then become a reference that is used in addressing perception and assigning percepts to somatic locations by topdown readouts (Kral and Eggermont, 2007) . Somatic memory integrates the sensory input into a network of structures beyond the primary cortical areas, but uses the somatotopic (tonotopic) maps in primary areas as a reference. In what follows we will refer to this type of mature functional connectivity with regard to matured somatotopic maps as "somatic memory". The somatic memory is similarly like other forms of implicit memory subconscious.
Because tinnitus pitch is typically outside the range of periodicity pitch ( 3 kHz), tinnitus pitch reflects largely the labeled line or place pitch (Müller, 1840; von Helmholz, 1885) . This raises the question whether tinnitus can exist in congenital deafness, either bilateral or unilateral, whereby congenital deafness is typically defined as deaf at birth and in humans might already include considerable auditory experience during intrauterine development.
In animals, tinnitus following NIHL is accompanied by increased synchronous spontaneous firings in the afferents to tonotopic auditory cortex Eggermont, 2003, 2006) , i.e., in the lemniscal pathway. The somatic memory to be triggered is generally the same as the partially deafferented region (where increased spontaneous firing rate (SFR) and neural synchrony is found (Eggermont and Roberts, 2004; Roberts et al., 2010; Eggermont, 2012) . This region receives input from thalamocortical afferents (homeotopic), cortical horizontal fibers (heterotopic), and nontonotopic auditory cortex (Hackett, 2011; Winer, 2011) . Tonotopic memory may be relevant for the pitch of chronic tinnitus.
Tinnitus and cochlear implants
People presenting for cochlear implantation have a high prevalence of tinnitus (Baguley and Atlas, 2007) as illustrated in Fig. 1 . The regression line and the very high correlation coefficient, indicates that the sample size in the various studies shown did not affect this prevalence. Consequently, we might say that the prevalence of tinnitus in these groups is about 79%. This is much higher than the prevalence in the entire population, which is around 15% (Eggermont, 2012) .
Cochlear implants are successful in improving tinnitus as long as the CI is switched on. On average 58% of all cochlear implantees show improvement, which tends to be higher in studies with fewer patients (Fig. 2 ) potentially due to a more relaxed patient selection in the large group studies. For many patients, utilizing a cochlear implant in one ear can also markedly reduce the perceived intensity of tinnitus in the contralateral ear (Baguley and Atlas, 2007) .
In children, implanted between 3 and 15 years (Chadha et al., 2009) , tinnitus occurred most commonly in the implanted ear, when the implants were not in use (e.g. in bed at night). Tinnitus was most frequent in children aged 6e8 years (8/17, 47%), and in bilateral implantees with an inter-procedure delay of at least 2 years (6/10, 60%). Tinnitus was least reported in those implanted bilaterally simultaneously (1/6, 17%), and in those 5 years old or younger (3/11, 27%). They found no relationship with etiology. Potentially, a CI may cause tinnitus in the implanted ear (e.g., Chadha et al., 2009) if tonotopy is partially restored.
Cochlear implants have also been successfully used to relieve tinnitus in adults with acquired unilateral hearing loss Vermeire et al., 2008; Kleine Punte et al., 2011) . Combined with other studies, in about 96% of unilateral deafness implantees tinnitus was substantially reduced (reviewed in Blasco and Redleaf, 2014) . Interestingly, the adult onset unilateral subjects had frequently tinnitus and implanting relieved this, but only as long as the CI was switched on. Because the subjects used their CI over many months and even years, there is little evidence of use-dependent plasticity in these adults. Thus, there is no deprived cortex and no somatotopic map for the deaf cochlea. Consequently, there would never be tinnitus in the congenitally deaf ear. Late onset is different as the somatic memory is established for the deaf ear and is not overtaken in the same extend by the hearing ear.
The situation is different in completely deaf subjects where somatotopic maps for no ear were generated and the sensory system is partly overtaken by the visual system (Lomber et al., 2010) . This would mean that the system is partly occupied by other sensory systems and the structures responsible for conscious awareness would receive input from other sensory quality; again, in this condition no tinnitus would be perceived. Additional to this, again in the congenital animals the neuronal data from A1, potentially not recruited by other sensory systems (Kral et al., 2003; Lomber et al., 2010) , do not correspond to standard tinnitus models with increased SFR. The combination of these two facts would make tinnitus improbable in these subjects, too.
Congenital deafness and phantom limb
Mutations in the GJB2 (Connexin 26) gene account for a large proportion of cases of congenital nonsyndromic recessive deafness (Murgia et al., 1999) . GJB2 encodes a gap junction protein that is widely expressed in the inner ear. Cells in the cochlea communicate through gap junctions that regulate the fluid and ion balance. Mutations in GJB2 are thought to result in an altered function of gap junctions and a disturbance of potassium homeostasis, leading to hearing loss. GJB2 may contribute to potassium homeostasis through recycling of potassium ions from hair cells back to the endolymph. The most common GJB2 mutation in Caucasian populations is 35delG, a single guanine deletion at cDNA position 35, which accounts for 85% of the incidence of GJB2-induced hearing loss (Van Eyken et al., 2007) . Tsukada et al. (2010) summarized the mutation spectrum as well as clinical features of patients with GJB2 mutations as found in more than 1000 Japanese hearing loss families. Their results showed that the frequency of GJB2 mutations in the Japanese population with hearing loss is 14.2% overall and 25.2% in patients with congenital hearing loss. Here, c.235 delC was the most frequent allele (49.8%), and associated with a more severe phenotype. The mutation was mainly found in patients who were diagnosed by the age of 3. A notable clinical feature in hearing loss patients with GJB2 mutations in this study was the near absence of tinnitus.
It is widely believed that people who are congenitally limbdeficient do not experience phantom limbs. Melzack (1989) had proposed that "phantom limbs are produced by a network of neurons, or 'neuromatrix', which consists of loops that integrate the somatosensory thalamus and cortex, the limbic system and the association cortex. … The phantom, like our physical body, is constantly being generated in new positions. Different parts of the body weave in and out of attention. It is constantly being created by the neural network ('neuromatrix') according to the needs of the moment" (Melzack et al., 1997) . However, Melzack et al. (1997) reported on 15 individuals who were born limb-deficient and provided evidence that phantom limbs were experienced by three of the congenitally limb-deficient subjects. Melzack et al. (1997) stated; "The fact that phantoms are present in virtually all adult amputees provides convincing evidence of a neural network responsible for these experiences. If all congenitally limb-deficient individuals failed to experience phantoms, then it would be likely that the neural network was built up gradually by sensory experience. But the fact is that almost one in five of the congenital limbdeficient participants in our sample did have phantoms." In addition Saadah and Melzack (1994) had reported that phantoms could occur for the first time when the amputees were in their twenties and thirties. Melzack et al. (1997) argued that this was evidence of a distributed neural representation of the body that is in part genetically determined. Flor et al. (1998) examined the relationship between phantom limb phenomena and cortical body map reorganization in five subjects with congenital absence of an upper limb and nine traumatic amputees. Neuromagnetic source imaging revealed minimal reorganization of primary somatosensory cortex in the congenital amputees and the traumatic amputees without phantom limb pain. However, the amputees with phantom limb pain showed massive cortical reorganization. Phantom limb pain and non-painful phantom limb phenomena were absent in the congenital amputees. Sensory discrimination was normal and mislocalization (referral of stimulation-induced sensation to a phantom limb) was absent in the congenital amputees (Flor et al., 1998) .
These data open the question whether there is a difference between congenital and acquired deafness and incidence of tinnitus that we elaborate in the subsequent text.
Developmental aspects

Onset of cochlear and auditory-nerve activity in altricial animals
In the developing auditory system of birds and mammals, the topography of connections between the cochlea, the spiral ganglion neurons (SGNs), and the cochlear nuclei develops quite precisely, well before sound is processed by these cells. Physiological mapping studies in chickens (Lippe and Rubel, 1985; Lippe, 1994 Lippe, , 1995 and gerbils (Sanes et al., 1989 ) showed a precise tonotopic organization early during development. Little evidence for any role of auditory experience toward shaping the tonotopic organization of connections between the cochlea and the cochlear nuclei was found (reviewed by Rubel and Fritzsch, 2002) . We summarize some of the more recent studies.
In the auditory system, several examples of activity-dependent refinements are now known that are completed before the onset of hearing (K€ oppl, 2007) . These include sharpening of tonotopic projections between the cochlea and the brainstem (Leake et al., 2006 ). Tonotopic refinement of auditory brainstem circuits occurs both before and after hearing onset and evidence exists that both spontaneously generated and sound-evoked neuronal activity patterns are important (Kandler et al., 2009) .
As tonotopic maps in cats are laid out very early in development and refined during development (Bonham et al., 2004) we review related findings in the perinatal period. Jones et al. (2007) recorded from 112 single SGNs in kittens aged P3eP9. Spontaneous firing rates in these neonates were low with a mean of~3 spikes/s. The SGNs at these ages exhibited remarkable repetitive spontaneous bursting. This spontaneous bursting activity promotes the survival and maturation of auditory neurons and the refinement of synaptic connections in auditory nuclei (Kandler et al., 2009 ). Bergles and colleagues (Tritsch et al., 2007; Tritsch and Bergles, 2010) found in the rat that ATP was released from internal supporting cells (ISCs) within the cochlea from birth until the onset of hearing, which led to periodic inward currents, Ca 2þ transients, and morphological changes in these supporting cells. This spontaneous release of ATP also depolarized IHCs and triggered bursts of action potentials in SGNs for most of the postnatal prehearing period, beginning a few days after birth as IHCs became responsive to ATP, until the onset of hearing when ATP was no longer released from ISCs. When IHCs were not subject to purinergic excitation, SGNs exhibited little or no activity. These results suggest that supporting cells in the cochlea provide the primary excitatory stimulus responsible for initiating bursts of action potentials in ANFs before the onset of hearing. ISCs released ATP from birth until just after the onset of hearing. Rat SGNs fired action potentials in a precise sequence of mini-bursts before the age of hearing onset (Tritsch et al., 2010) . This stereotyped pattern was initiated by IHCs, which trigger brief bursts of action potentials in auditory neurons each time they fire a Ca 2þ spike.
In mice, rats and gerbils (all altricial rodents) action potentials were intrinsically generated by immature IHCs (Knipper et al., 2015) , and apical IHCs in particular showed bursting activity as opposed to more sustained firing in basal cells (Johnson et al., 2011) . The efferent neurotransmitter acetylcholine fine-tunes the IHC's resting membrane potential (V m ), and as such is crucial for the bursting pattern in apical cells. Endogenous extracellular ATP also contributed to the V m of apical and basal IHCs by triggering smallconductance Ca 2þ -activated K þ (SK2) channels (Johnson et al., 2011) . Using perforated patch-clamp recordings in the mouse, developing IHCs fire spontaneous bursts of Ca 2þ action potentials and that this pattern is indistinguishable along the baso-apical gradient of the developing cochlea (Sendin et al., 2014) dcontrasting the findings by Johnson et al. (2011) . In both apical and basal IHCs, the spiking behavior underwent developmental changes, where the bursts of action potential tended to occur at a regular time interval and had a similar length toward the end of the first postnatal week. Although disruption of purinergic signaling did not interfere with the action potential firing pattern (contrasting the findings by Tritsch et al., 2007) , pharmacological ablation of the a9a10 nicotinic receptor elicited an increase in the IHC discharge rate. Sendin et al. (2014) therefore suggested that in addition to carrying place information to the ascending auditory nuclei, the IHCs firing pattern controlled by the a9a10 receptor conveys a temporal signature of the cochlear development. Together, these data indicate that in altricial animals after birth, IHCs release neurotransmitter onto functional afferent nerve terminals and generate patterns of activity in these SGNs (Tritsch et al., 2010; Sendin et al., 2014) . It is possible that such activity in altricial animals may occur before hearing onset because IHCs are capable of transmitter release at that stage (Johnson et al., 2011) .
Development in precocial animals
What about auditory development in precocial animals such as chinchillas and guinea pigs? Pienkowski and Harrison (2005) recorded single-unit responses to tone pip stimuli from auditory cortex in the developing chinchilla. They found that hearing thresholds and spike firing rates were mature at postnatal day 3. The tonotopic map in auditory cortex was also well ordered and sharply tuned by P3. The refinement of initially diffuse tonotopic projections to cortex thus seems to occur in utero in the chinchilla, where external sounds are considerably attenuated and might not contribute to the mechanism(s) involved. However, the spectraltemporal complexity of cortical receptive fields increased progressively (past P30) to adulthood, reflecting the effects of auditory stimulation.
Primates (including humans) are special with regard to sensory development: they have mature peripheral sensory organs, yet their motor system is very immature and the brain continues to develop extensively after birth. The human cochlea is fully developed by 24 weeks of gestation. A blink startle response can first be elicited (acoustically) at 24e25 weeks and is constantly present at 28 weeks. Hearing thresholds are 40 dB at 27e28 weeks and reach the adult threshold by 42 weeks of gestation, i.e., at term birth (Birnholz and Benacerrah, 1983) . The auditory brainstem response (ABR) can be reliably recorded in premature infants from the 28the29th week conceptional age (CA) (Starr et al., 1977; Ponton et al., 1992) . The ABR potential maturational time course, reflecting activity in brainstem structures up to the level of the superior olivary complex, is closely followed by that of the middle latency response (MLR). The MLR component that is most clearly detectable in infants is the P0eNa complex. Because recordings from the surface of the human brainstem match the P0 peak to a postsynaptic potential at the inferior colliculus (Hashimoto et al., 1981) , it seems likely that the P0eNa waves reflect transmission in the brachial pathway from the inferior colliculus to the thalamus. The Na wave is considered the arrival of the afferent volley in layer IV of primary auditory cortex (Eggermont, 2007) . The P0eNa waves are barely detectable at the 25the27th fetal weeks, but are fairly well defined by the 33rd fetal week, and more pronounced by the time of term birth (Rotteveel et al., 1985 (Rotteveel et al., , 1987 Pasman et al., 1991 Pasman et al., , 1999 . Early studies (Weitzman and Graziani, 1968; Barnet et al., 1975; Ohlrich et al., 1978) showed that in preterm babies at 24 weeks the long-latency auditory evoked potential (AEP) is dominated by a large negative wave with a peak latency of 200 ms, followed by a positive peak at 600 ms that by 30 weeks is reduced to a latency approaching 300 ms and increases in amplitude. By the time of term birth, this positive peak has a latency of about 250 ms and dominates the response because the earlier negative wave has nearly completely disappeared.
However, when these long-latency cortical potentials and ABRs were obtained from the same population of premature infants, the cortical AEPs usually appeared earlier (Starr et al., 1977) . These observations are puzzling in light of the observations that myelination does not occur in brainstem pathways until after the 26the28th weeks and, more pertinent, does not occur in thalamocortical projections until after the 40 th week of development (Yakolev and Lecours, 1967; Kinney et al., 1988) . The most likely explanation for this phenomenon is cortical excitation through the reticular activation system (RAS) pathway arising from the core of the brainstem (Eggermont and Moore, 2012) . The lower brainstem gives rise to both the RAS pathway and the thalamocortical pathways. Thus the cortical maturational process, as witnessed through electrophysiological means, probably reflects a change in balance between the RAS system and the various thalamocortical pathways. It is thus not clear at what age lemniscal activity results in established tonotopic maps in humans.
Cochlear implants and cortical maturation
Previous studies have consistently shown that the initial tonotopic development of the central auditory system in (altricial as well as precocial) animals is further shaped by acoustic experience (for review in mammals, see Kral et al., 2001; Syka, 2002 ; for review in humans see Eggermont and Moore, 2012) . Since the auditory system in the congenitally deaf or early-deafened individual does not have any acoustic input, the shaping of the auditory system through experience does not occur and the normal adaptation to the acoustic environment does not take place. An acoustically naïve auditory system has to catch up with the activity-dependent maturation that the auditory system has missed during previous development. This is forcefully illustrated in early ( 2 yr) profoundly deafened children who received a cochlear implant at later age. Previous results using long latency cortical auditory evoked potentials (Ponton et al., 1996a,b; suggested that early-deafened children fitted with a CI after a period of deprivation had altered auditory cortical maturation. Ponton and Eggermont (2001) characterized this altered maturation by both latency delays and morphological changes in the AEPs. Based on prolonged P1 latencies compared to age-matched normal-hearing (NH) peers (Ponton et al., 1996b (Ponton et al., , 2000 , these data suggested a delayed maturation nearly equal to the period of deafness. Thus, "time-insound" determines the maturational state of the auditory system. However, rates of subsequent maturation for this AEP component were essentially the same in NH and CI children (see also Kral and Sharma, 2012) . This suggested that, given enough time, the AEPs of CI children would assume the characteristic morphology found in older NH teens and NH adults. However, the data also indicated a substantial alteration of the typical set of obligatory P1eN1eP2 peaks, specifically related to the absence of the N1 potential. Extensive sets of longitudinal and cross-sectional data indicated that even after many years of implant use, the AEPs of post-natal deafened CI users in their late teens remained very different from those of their NH peers (Ponton and Eggermont, 2001 ). The P1 peak latency remained prolonged and P1 amplitude remained much larger in CI users than in age-matched NH teens (Ponton and Eggermont, 2001) . A comparison of scalp-recorded AEPs from implanted children with local field potentials (LFPs) measured from the cortical surface in deaf white kittens (Klinke et al., 1999; Kral et al., 2000) suggested that the effects of deafness and CI use are similar across cat and human. For both species, a period of profound deafness revealed a substantial immaturity in cortical activation.
However, in a group of children that were found deaf before the age of 1 yr, and may be considered congenitally, early implantees ( 3.5 yrs) developed very different from late implantees (>7 yrs). As Sharma et al. (2005) reported:
"The relative change in P1 latency between hookup and one month was the same (35%) for early and late-implanted children ( … ). Thus an early, input-dependent maturation process in P1 latency is comparable between early-and late-implanted children. However, after approximately 4 weeks of stimulation, the maturation process becomes arrested in late-implanted children, but continues in early-implanted children. The initial, rapid change in latency for both groups could be related to synaptic processes like long-term potentiation. The continuing change in latency for the early-implanted children could be related to structural rearrangement of synaptic contacts (synaptic formation and elimination). Only the latter process demonstrates a sensitive period."
This suggests that this neural plasticity requires activation in the period of cortical synapse formation. This period between 2 and 5 years of age, the time of development of perceptual language, is characterized by a relatively stable level of cortical synaptic density that declines by 14 years of age (Huttenlocher and Dabholkar, 1997) . It is tempting to equate this early period with the stabilization of tonotopic memories.
Summarizing, in the developing auditory system of birds and mammals, the topography of connections between the cochlea, the spiral ganglion neurons, and the cochlear nuclei develops quite precisely, well before sound is processed by these cells. Tonotopic refinement of auditory brainstem circuits occurs both before and after hearing onset and evidence exists that both spontaneously generated and sound-evoked neuronal activity patterns are important. In humans, the cortical maturational process probably reflects a change in balance between cortical input from the reticular activating system system and the various thalamocortical pathways. It is not clear at what age lemniscal activity results in established tonotopic maps in humans. In children that were deaf before the age of 1 yr (may be considered congenitally deaf) and received cochlear implants early ( 3.5 yrs), developed very different from late implantees (>7 yrs). This suggests that this neural plasticity requires activation in the period of cortical synapse formation, i.e., the period between 2 and 5 years of age. Activation in his early period stabilizes tonotopic memories, and allows the reference for tinnitus pitch.
Findings in congenitally deaf animals
Congenitally deaf-white cats allow studying the maturation of central auditory structures that have never received specific sound input. In these animals, the organ of Corti degenerates before the onset of hearing function around P9. The auditory cortex of these CDCs is naive with respect to auditory experience. Because the auditory nerve fibers (ANFs) survive nearly completely in young CDCs, the auditory pathways of these animals can be activated by electrical stimulation through a cochlear implant (Klinke et al., 1999) . Heid et al. (1997 Heid et al. ( , 1998 had found that the main afferent projection patterns in deaf white cats were unchanged in spite of congenital auditory deprivation. Months after the degeneration of the organ of Corti, the spiral ganglion starts to degenerate from the, early developing (Lippe and Rubel, 1985) , midportion of the cochlea. However, even in 2 yr old adult CDCs, a sufficient number of functionally intact auditory afferents remained, which are suitable for electrical cochlear stimulation. Chen et al. (2010) studied four normal-hearing cats, seven congenitally deaf white cats, and eight congenitally deaf white cats with unilateral cochlear implants. Electrical stimulation in all groups began at 3 to 4 or 6e7 months after birth, and cats received stimulation for approximately 7 h a day, 5 days a week for 12 weeks. Quantitative analysis of spiral ganglion cell counts, cell density, and cell body size showed no marked improvement between cochlear-implanted and congenitally deaf subjects. Average ganglion cell size from cochlearimplanted and congenitally deaf cats was statistically similar to that of normal-hearing cats (Chen et al., 2010) .
Cochlea and auditory nerve in deaf-white cats
Auditory brainstem in congenital deaf animals
Deaf-white cats
The cochlear nuclei of non-white cats with normal hearing were compared to those of deaf-white cats exhibiting hearing loss in excess of 70 dB SPL. The cochlear nuclei of the deaf white cats were smaller in volume by~50%, however, the dorsal cochlear nucleus was much less affected than the ventral cochlear nucleus (VCN; Saada et al., 1996) . Endbulbs of mature deaf white cats exhibited reduced branching, hypertrophy of postsynaptic densities (PSDs), and changes in synaptic vesicle density. Because these CDCs are essentially deaf at birth, Baker et al. (2010) investigated if the progression of brain abnormalities was linked in time to the failure of normal hearing development. The cochleae of CDCs did not exhibit abnormal morphology at birth. This would allow the release of ATP from internal supporting cells (ISCs) within the cochlea from birth until the onset of hearing, depolarizing IHCs and triggering bursts of action potentials in spiral ganglion neurons for most of the postnatal prehearing period until the onset of hearing when ATP was no longer released from ISCs (Tritsch and Bergles, 2010) . After the first postnatal week, however, the presence of a collapsed scala media signaled the difference between CDCs and hearing cats . Compared to those of pigmented kittens, Baker et al. (2010) found that ANF endings from newborn CDCs had smaller endbulb areas, shorter and less complex membrane apposition with the spherical bushy cells (SBCs) of the VCN, fewer SBC inclusions, and fewer than half the number of post-synaptic densities. If congenital deafness disrupts and/or prevents the occurrence of bursting spontaneous discharges in ANFs, then the absence of auditory nerve spikes would indicate a hearing abnormality that precipitates pathologic change in endbulb synapses. O'Neil et al. (2010) investigated whether electrical stimulation of the congenitally deaf auditory system via cochlear implants would restore the endbulb synapses to their normal morphology. Three and 6-month-old congenitally deaf cats received unilateral cochlear implants and were stimulated for a period of 10e19 weeks by using speech processors used for CIs in humans. Implanted cats exhibited acoustic startle responses and were trained to approach their food dish in response to a specific acoustic stimulus. Endbulb synapses were examined by using serial section electron microscopy from cohorts of cats with normal hearing, congenital deafness, or congenital deafness with a cochlear implant. Synapse restoration was evident in endbulb synapses on the stimulated side of cats implanted at 3 months of age but not at 6 months (O'Neil et al., 2010).
Congenitally deaf mice
Oleskevich and Walmsley (2002) studied the properties of synaptic transmission in the anteroventral cochlear nucleus (AVCN) of normal and congenitally deaf dn/dn mice (note: these animals have also non-auditory inborn deficits). Excitatory postsynaptic currents (EPSCs) were evoked by focal stimulation of single ANFs, and measured by whole-cell recordings from neurons in AVCN slices (mean postnatal age ¼ P13). In many respects, transmission in deaf mice was found to be remarkably similar to control mice, implying that many parameters of synaptic transmission develop normally in these animals. Oleskevich et al. (2004) found that deafness did not affect synaptic transmission at the calyx of Held synapse, as evoked EPSC and miniature EPSC amplitude, release probability, number of release sites, size of RRP, tetanic depression and asynchronous release were unchanged compared to normal mice. Youssoufian et al. (2005) then investigated the effects of congenital deafness on the development of pre-and postsynaptic parameters of synaptic strength at the calyx of Held. They found that early development (P5 and P12) at this robust synapse proceeds normally with congenital deafness, suggesting again that auditory nerve activity initially does not affect the development of synaptic strength at the calyx of Held. In vivo recordings (Leao et al., 2006) demonstrated that there was no detectable spontaneous activity in the auditory nerve even prior to ear canal opening in dn/dn mice. Electrophysiological and immunolabelling results demonstrated that underlying the tonotopic organization of the medial nucleus of the trapezoid body (MNTB) is a combination of mediolateral gradients of low-and high-threshold potassium currents and hyperpolarization-activated cation currents (see also von Hehn et al., 2004) .
Summarizing, congenital deafness in mice, despite the absence of spontaneous activity in auditory nerve fibers, has remarkably little effect on development of synapses and tonotopy in the lower brainstem.
Auditory cortex in congenitally deaf white cats
In anesthetized normal hearing cats, the developmental increase of SFRs in AI closely followed the increase of the number of synapses per neuron to reach adult values at P70 (Eggermont, 1996) . Since the auditory system in congenitally deaf individuals does not have any input, the shaping of the auditory system through experience does not occur (review in Kral et al., 2001; Hartmann and Kral, 2004; Kral, 2013) . Consequently, tonotopic maps are only rudimentary (Barone et al., 2013) , i.e., the 'wiring' from periphery to cortex may have a rudimentary topographical arrangement, but post-natal refinement has not taken place normally (Fig. 3, compare Fallon et al., 2009) . Furthermore, somatic memory in the form of higher-order reference to these maps would not be established due to absence of its active use.
There are several differences in the synaptogenesis in auditory cortex between normal hearing cats and CDCs (Fig. 4) . Kral et al. (2005) investigated this in CDCs using current source density analysis, i.e. the synaptic currents represent activity averaged from many synapses around the tip of the microelectrode. The assessment was performed in six penetrations within the most active area of the cortex (''hot-spot'', size 1.5 Â 1.0 mm) determined in a detailed mapping procedure. The data show an early increase in synaptic activity (functional synaptogenesis) observed within the first 40 days after birth, with subsequent functional synaptic pruning, resulting in adult-like activity between day 80 and 100 in hearing controls. In CDCs, the functional synaptogenesis was delayed (1) and the pruning was exaggerated (2). The data demonstrate extensive effects of sensory deprivation on the development of synapses (and neuronal networks) in the auditory cortex (Kral, 2013) .
Summarizing, congenital deaf cats do not have normal tonotopic maps, are thus missing the reference points in somatic memories, have low or no spontaneous firing rates in auditory cortex and did not use this cortex actively. That explains the absence of tinnitus in this condition.
Unilateral deafness
We start by first summarizing the somatic memory requirement hypothesis developed in previous sections. In congenital deafness there is no somatic memory for the deaf cochlea. Consequently, there should never be tinnitus in the congenitally deaf ear. People with adult onset of single-sided deafness have frequently tinnitus and a cochlear implant in that ear relieves this, Fig. 3 . Representative example of activation maps computed from maximal amplitudes of local field potentials (Pa amplitudes) in 10 hearing and 10 deaf animals at different ages. Top: hearing controls show largest activations between 1 and 2 months postnatal. Afterwards, maximal amplitudes and activated areas decrease. Bottom: in congenitally deaf cats, maximal activated areas were observed at 3 months postnatal (modified from from Kral et al., 2014) . but only as long as the CI is switched on. Late onset is different as the somatic memory is established for the deaf ear and is not overtaken in the same extend by the hearing ear. In binaurally deaf children, implanted between 3 and 15 years, tinnitus occurred most commonly in the implanted ear, when the implants were not in use (e.g. in bed at night). Tinnitus was least reported in those implanted bilaterally simultaneously, and in those 5 years old or younger, where somatic maps have not been stabilized. However, a CI may cause tinnitus in the implanted ear if tonotopy is partially restored. The situation is again different in completely deaf subjects and congenitally deaf cats where somatotopic maps for no ear were generated and the sensory system is partly overtaken by the visual system. Again, in this condition no tinnitus would be perceived.
Unilateral deafness in humans
In humans, unilateral deafness often is the result of sudden hearing loss, and is rarely congenital. In a retrospective study, Vartiainen and Karjalainen (1998) investigated the prevalence and etiology of unilateral sensorineural hearing impairment (>25 dB at 0.5e4 kHz, including mixed hearing impairments with bone conduction thresholds ! 25 dB) among children born between 1972 and 1986 in a province of eastern Finland. A total of 84 children with such a unilateral hearing loss were identified, with prevalence of 1.7 per 1000 live births. Etiology of the hearing impairment was genetic in 2%, congenital non-genetic in 12%, delayed-onset nongenetic in 35% and unknown in 51%.
Congenital unilaterally deaf cats
In a study by Kral et al. (2013a) unilateral CDCs (uCDCs) were chronically stimulated after being implanted either 1) 'early' during the peak of functional cortical synaptogenesis in deaf animals; 2) 'intermediate' at the age when synaptic activity in the deaf cats dropped to the level of hearing control cats and finally, or 3) 'late' at the age when the evoked synaptic activity fell below the level of hearing control cats (cf. Fig. 4) . A massive reorganization of preference in favor of the hearing ear was found in these measures if the onset of unilateral hearing was early (before or around the peak of functional synaptogenesis). The effect was reduced if onset of unilateral hearing was in the intermediate period, and it disappeared if the onset was late. In early onset of unilateral deafness, the hearing ear became functionally dominant as reflected in LFP onset latency and amplitude (Kral et al., 2013a) .
A parallel study (Kral et al., 2013b ) demonstrated a shorter sensitive period for reorganization at the hemisphere ipsilateral to the hearing ear compared with the contralateral hemisphere. It showed more extensive changes in uncrossed responses than in the crossed responses in early-onset animals. Furthermore, it showed that unilateral deafness resulted in an asymmetric brain, with different hemispheres showing differential responses for both the deaf and the hearing ear. The hemisphere ipsilateral to the hearing ear most likely downregulated inhibition as reflected in the decreasing response onset latency to stimulation of the hearing ear. This effect was not found in the contralateral hemisphere. The deaf ear was, however, not completely 'disconnected' from the cortex following single-sided deafness. The hemisphere ipsilateral to the hearing ear preserved responsiveness to electrical stimulation of the deaf ear, although with a preference for the hearing ear.
Tillein et al. (submitted) compared spontaneous firing rates in hearing controls (HCs) before deafening, CDCs and uCDCs, and found a significant SFR reduction in CDCs compared to HCs. The uCDCs displayed a similar SFR for the hemisphere contralateral to the deaf ear as CDCs and for the hemisphere contralateral to the hearing ear as HCs.
Electrically evoked firing rate of uCDCs in the deaf ear showed significantly lower maximum evoked firing rate than responses evoked by electrical stimulation in the hearing ear. This ear-specific effect reminds of the difference between hearing controls and CDCs, where CDCs show significantly reduced evoked firing rates (Tillein et al., 2010) . Here such a difference was observed when comparing the ear of stimulation. Thus both SFR and driven firing rates for deaf and hearing ear are as in CDCs and HCs respectively. Data obtained shortly after implantation showed significant correlations between evoked and spontaneous firing rates (Fig. 5) , in controls (A), and uCDCs for the cortex on the deaf side, both for stimulation of the deaf ear and the hearing ear (C,D). All animals were acutely stimulated the same way: electrically, using cochlear implants, and in hearing ears hair cells have been destroyed at the beginning of the experiment to eliminate electrophonic responses. In this way the central response properties could be investigated and compared in all three animal groups. In contrast to hearing controls (A, r 2 ¼ 0.31), no significant correlations of spontaneous and evoked firing rates were found for CDCs (B; r 2 ¼ 0.08), and the uCDCs' cortex contralateral to the deaf ear (E, r 2 ¼ 0.01; F, r 2 ¼ 0.01).
The auditory cortex ipsilateral to the deaf ear, i.e., driven by the hearing ear shows significant correlations between spontaneous and driven firing rates (C, r 2 ¼ 0.34; D, r 2 ¼ 0.32).
The results for the uCDCs differ from the situation in standard tinnitus models, with increased SFR and increased evoked responses, taken together indicative of a gain control increase (Schaette and Kempter, 2006) or increased neural synchrony combined with central network changes (Noreña and Farley, 2013) . Alternative models see tinnitus as increased central noise without a gain change (Zeng, 2013) or as a failure of the central mechanisms to compensate for the peripheral hearing loss at the level of ABR wave V suggesting a reduced driven gain (Knipper et al., 2013) . Our own model is based on our view that spontaneous activity is not noise but an information carrier (Eggermont et al., 1993; Eggermont, 2015) . We quote from Eggermont (2015) : "If one considers spontaneous activity in the auditory system as unwanted noise, the favored concept about tinnitus is likely that it results from too much noise. The suggested neural substrate will then be increased SFR in the auditory system. On the other hand, if one considers spontaneous activity as the information carrier of the brain, sound modulates this firing rate and reorganizes it. In this model external sound can suppress tinnitus. Tinnitus in this model results from increased neural synchrony, i.e., the pathology also reorganizes the spontaneous firing times either in the form of serial correlations, i.e., burst firing, or as parallel correlations, i.e., as synchronous firing among neurons Eggermont, 2003, 2006) ." This increased neural synchrony is accompanied by increased SFR in chronic tinnitus, but not in transient tinnitus Eggermont, 2003, 2006) .
In congenitally deaf animals the situation is more complex: the maximum firing rate is decreased, the SFR is lower, yet the dynamic range is very narrow, only 2 dB (Tillein et al., 2010) . This indicates that the gain control is not generally increased, yet involved on more complex resetting of neuronal function, with reduced firing rates but steep increase in firing after the threshold has been reached. Despite part of the data are compatible with the tinnitus model of Knipper et al. (2013) , the lower SFR in auditory cortex would differ and suggest the absence of tinnitus in single-sided congenitally deaf cats. It is interesting that with regard to correlation of spontaneous and evoked firing rates, in uCDCs the cortex ipsilateral to the deaf ear (contralateral to the hearing ear) shows a correlation similar to hearing control, and the cortex contralateral to the deaf ear a correlation similar to CDCs. Despite of this dichotomy, also reported in local field potential properties (Kral et al., 2013b) , the data do not demonstrate a gain control change accompanying increased SFR.
The question to ask is whether congenitally deaf subjects perceive tinnitus: if the above result from cat AI can be generalized to other tonotopic fields, the incidence of tinnitus should be low, and this is indeed observed in early-deaf children without cochlear implants.
Conclusion
We hypothesized that a somatotopic map and the corresponding somatic memory are required for a tinnitus sensation. Tonotopic maps are formed early in development, do not require auditory input, but must be maintained and refined by sound after birth.
We also hypothesized that tinnitus and phantom limb occur as references to sensory surface maps. Phantom limb pain and nonpainful phantom limb phenomena were absent in the congenital amputees. Damage of the auditory system very early in development can be caused by GJB2 mutations. A notable clinical feature in hearing loss patients with GJB2 mutations in the study by Tsukada et al. (2010) was the near absence of tinnitus.
Increased spontaneous firing rate in auditory cortex is one of the defining correlates of tinnitus. Tillein et al. (submitted) compared spontaneous firing rates in hearing controls (HCs) before deafening, naïve CDCs and uCDCs, and found a significant SFR reduction in CDCs compared to HCs. The uCDCs displayed in no case an increased SFR compared to HCs. Although the SFR was different between the two hemispheres, it was generally in either similar or lower than in HCs. The absence of an increase in cortical SFR (either as a result of increased central gain and/or loss of central inhibition) suggests that neither CDCs nor uCDCs would experience tinnitus and that the cellular and network adaptation to deafness do not provide a substrate for tinnitus.
However, sensory perception requires a previous sensory reference. In congenital unilateral deaf, it is argued that the "deaf" cortex is recruited by the ipsilateral hearing ear and the activity there is likely interpreted by the brain as coming from the hearing ear (Kral et al., 2013a ). An active reference to the deaf ear is likely not established in these cases. There is no deprived cortex and no tonotopic map for that cochlea. Then the brain would not assign cortical activity in any somatotopic map in the cortex to the deaf ear (in other words, auditory somatotopic memory is not established for that ear). Consequently, there would never be tinnitus in the congenitally unilateral deaf ear. Late onset is different as the tonotopic memory was established for the deaf ear. This may explain the above-discussed extensive difference in the incidence between postlingual and congenital single-sided deafness.
In children, implanted between 3 and 15 years (Chadha et al., 2009) , tinnitus occurred most commonly in the implanted ear, when the implants were not in use (e.g. in bed at night). Potentially, a CI may cause tinnitus in the implanted ear because tonotopy is partially restored.
Summarizing, when taken together, these data are consistent with the hypothesis that tinnitus requires an established somatotopic map and an increased SFR accompanied by increased correlations of the SFR (Eggermont, 2012) . Both congenitally deaf and congenitally single-sided subjects as a rule do not suffer from tinnitus in the deaf ears as they have no somatic memory of the deaf ears and the central pathways are either used by the other, hearing ear, or by other sensory systems. If tinnitus appears in congenitally deaf, it is after they were cochlear implanted. The tinnitus is then more frequently observed in the implanted ear. We suggest that it is a byproduct of the formation of the corresponding somatic memory following activation of the implanted ear.
